In the unperturbed development of the mouse embryo one of the 2-cell blastomeres tends to contribute its progeny predominantly to the embryonic and the other to the abembryonic part of the blastocyst. However, a significant minority of embryos (20-30%) do not show this correlation. In this study, we have used non-invasive lineage tracing to determine whether development of blastocyst pattern shows any correlation with the orientation and order of the second cleavage divisions that result in specific positioning of blastomeres at the 4-cell stage. Although the orientation and order of the second cleavages are not predetermined, in the great majority (80%) of embryos the spatial arrangement of 4-cell blastomeres is consistent with one of the second cleavages occurring meridionally and the other equatorially or obliquely with respect to the polar body. In such cleaving embryos, one of the 2-cell stage blastomeres tends to contribute to embryonic while the other contributes predominantly to abembryonic part of the blastocyst. Thus, in these embryos the outcome of the first cleavage tends to correlate with the orientation of the blastocyst embryonic-abembryonic axis. However, the order of blastomere divisions predicts a specific polarity for this axis only when the earlier 2-cell blastomere to divide does so meridionally. In contrast to the above two groups, in those embryos in which both second cleavage divisions occur in a similar orientation, either meridionally or equatorially, we do not observe any tendency for the 2-cell blastomeres to contribute to specific blastocyst parts. We find that all these groups of embryos develop to term with similar success, with the exception of those in which both second cleavage divisions occur equatorially whose development can be compromised. We conclude that the orientations and order of the second cleavages are not predetermined; they correlate with the development of blastocyst patterning; and that the majority, but not all, of these cleavage patterns allow equally successful development.
Introduction
Development of the mouse embryo is regulative and consequently for a long time it has been uncertain whether formation of the embryonic axes relates to any aspect of organisation of the early embryo (reviewed in Zernicka-Goetz, 2002) . However, a number of studies over the past few years have demonstrated that development of the blastocyst axes is, although not always, related to the early cleavage pattern (Gardner, 1997 (Gardner, , 2001 Ciemerych et al., 2000; Fujimori et al., 2003) . In turn, the pattern of the blastocyst has been shown to anticipate that of the postimplantation embryo (Smith, 1980 (Smith, , 1985 Gardner et al., 1992; Weber et al., 1999) . It has been reported that the plane of the first cleavage division of the zygote, and consequently the region of surface contact between 2-cell blastomeres, predicts where the boundary between the embryonic and abembryonic parts of the blastocyst will subsequently form in the majority (70-80%) of embryos Gardner, 2001; Fujimori et al., 2003) . Furthermore, it has been pointed out that the polarity of this embryonic-abembryonic axis could relate to the order of blastomere division from the 2-to 4-cell stage although this alone cannot fully predict the outcome of polarity Piotrowska and Zernicka-Goetz, 2002; Fujimori et al., 2003) . All the above findings indicate a tendency for the first cleavage to predict the orientation of the embryonic-abembryonic axis, but this is clearly not an absolute rule. Indeed approximately 20-30% of blastocysts in these studies showed patterning that does not appear to reflect the orientation of the first cleavage division Fujimori et al., 2003) .
How the orientations of early cleavage divisions are controlled is not understood. The first cleavage division of the zygote has been observed to tend to pass close to the animal pole marked by the second polar body that is tethered to the egg by remnants of its own cytokinesis (Gardner, 1997) . A series of transplantation experiments suggested that the region associated with the animal pole could influence the positioning of the spindle (Plusa et al., 2002a) . Although the relationship between the first cleavage and the position of the second polar body have recently been questioned by Hiiragi and Solter (2004) , further studies by time-lapse imaging supported the original observations (Gray et al., 2004) . Observing eggs on multiple focal planes showed that the majority of zygotes initiate the first cleavage within 308 of the second polar body that remains attached to the egg. Importantly, even when the first cleavage is initiated farther away, the second polar body tends to become associated with the furrow as cytokinesis proceeds. Thus in the majority of embryos the second polar body comes to lie in the plane of contact between the 2-cell blastomeres. The site of sperm entry was also observed to correlate with the first cleavage in the majority of zygotes Plusa et al., 2002b ). This appears to be related to an ability of the mitotic spindle to become oriented with respect to a change in the shape of the egg that occurs at fertilisation in relation to the sperm entry site (Gray et al., 2004) . These findings may thus account for why the cleavage plane correlates with the site of sperm entry but does not necessarily have to correlate with the positions of internalised sperm components (Davies and Gardner, 2002) . As development proceeds to the blastocyst stage, the second polar body as well as a marker of the sperm entry (fluorescent beads that were attached to the fertilisation cone), remain close to the original plane of contact between 2-cell blastomeres (Gardner, 1997; ). Thus they are lasting markers of the position of this plane.
Opinions of whether the second cleavage divisions show particular orientations have recently changed. It was believed for some time that both 2-cell stage blastomeres divide meridionally (thus through the animal-vegetal axis of the egg), but that one then rotates through 908 so giving the impression that one blastomere divided equatorially (Gulyas, 1975) . These observations were carried out primarily on rabbit but also on a limited number of mouse embryos. It has been recently reported, however, that the most common pattern of the early cleavage divisions in the mouse differs from this and whereas one 2-cell stage blastomere indeed divides meridionally, the other divides equatorially (Gardner, 2002) . Whether the cells produced by these divisions are different and so produce progeny of differing fate in the blastocyst remains unknown. The second cleavage divisions are clearly asynchronous such that one 2-cell blastomere cleaves ahead of its sister. Such an earlier dividing 2-cell blastomere was shown to make a disproportionate contribution to the ICM (Kelly et al., 1978; Graham and Deussen, 1978; Spindle, 1982; Surani and Barton, 1984) . However, it appears that the order of the second cleavage does not always indicate whether a blastomere will contribute to the embryonic or abemebryonic part of the blastocyst Piotrowska and Zernicka-Goetz, 2002; Fujimori et al., 2003) .
We have used non-invasive lineage tracing to examine whether development of blastocyst pattern shows any correlation with the orientation and order of the second cleavage divisions that result in specific positioning of 4-cell stage blastomeres. We demonstrate that the outcome of the first cleavage relates to the orientation of the embryonicabembryonic axis in embryos in which one of the second cleavage divisions is meridional and the other occurs equatorially or obliquely with respect to the attached polar body. However, the order of blastomere divisions predicts a specific polarity for this axis only when the earlier 2-cell blastomere to divide does so meridionally. When the earlier 2-cell blastomere to divide undertakes an equatorial/oblique division, it has a similar chance of contributing to the embryonic as to the abembryonic part of the blastocyst. In those embryos in which both second cleavage divisions occur in a similar orientation we do not observe any tendency for the first cleavage to correlate with blastocyst pattern.
Results
2.1. The second polar body is associated with the plane between sister cells arising from the first or second cleavage division Time-lapse imaging of a series of randomly selected and randomly positioned embryos demonstrate that in the majority of zygotes the first cleavage passes close to the second polar body which, in our experimental material, is a marker attached to the animal pole ( Fig. 1A ; Movie 1 for 12 cleaving zygotes). To analyse precisely the position of the first cleavage in relation to the position of the second polar body we recorded whether the first cleavage furrow starts to form within one of three equal sectors of the zygote: central (1), middle (2) and lateral (3) (Fig. 1C) . If the position of the second polar body and the plane of the first cleavage were random with respect to each other, we would expect the first cleavage plane to lie with equal probability (33%) within each of these three regions. However, the analysis of the time-lapse movies showed that in a significant majority of zygotes (75%, NZ63), the second polar body lay within 308 of the cleavage furrow as it formed (Fig. 1C) . However even in 18% of zygotes in which the initial position of the polar body was between 30 and 608 of the cleavage furrow as it initiated, the polar body had associated with the cleavage furrow by the time at which cytokinesis was complete. Thus in more than 90% of embryos in our studies the second polar body lies close to the plane between 2-cell stage blastomeres providing us with a good marker of this plane.
Interestingly, we observed a similar tendency in the 2-cell stage blastomere that inherits the second polar body. When we removed the blastomere not attached to the second polar body from a series of 22 2-cell stage embryos and then followed the cleavage of the remaining cell ( Fig. 1B and Movie 2 for nine cleaving 2-cell stage blastomeres) we found that the site of cleavage furrow formation was within 308 of the second polar body in 75% of cases (Fig. 1C) . The results of these experiments are in agreement with Gardner (2002) who also observed that in intact embryos the 2-cell blastomere with an attached polar body tends to divide meridionally. Thus, we conclude that the association of the second polar body with the cleavage furrow persists beyond the first cleavage into the second division cycle. As a large amount of space within the zona has been vacated in such embryos by removing one cell, our experiment also suggests that association of the polar body with the cleavage furrow in the second division does not simply reflect its movement into the groove between the two daughter cells as a result of space constraints.
2.2. Relative orientations and order of the second cleavage divisions are not predetermined but result in specific arrangements of 4-cell blastomeres Three different types of blastomere arrangement could be distinguished in embryos at the 4-cell stage (Fig. 2) . In the first, three blastomeres were located close to the second polar body and one was located further away ( Fig. 2A) . This regular tetrahedral form of the 4-cell stage embryos was the most common and was observed in 81% (374/460) of embryos. Indeed such an arrangement of blastomeres in the 4-cell embryo has been suggested to result from the meridional division of one 2-cell stage blastomere (1/2 blastomere) and the approximately equatorial division of the other 1/2 blastomere (Gardner, 2002) . Our own timelapse imaging of division patterns from the 2-to 4-cell stage were in broad agreement with this interpretation and showed that in the majority of embryos while one blastomere divided more meridionally, the other divided more equatorially or obliquely (Movie 3). However, our time-lapse studies indicate that the relative orientations and order of the second cleavage divisions are not predetermined. In the second group of embryos, the second polar body was located 'in the middle' of the embryo and was in contact with all four blastomeres (Fig. 2B) . This arrangement was observed in 11% (52/460) of embryos and was previously reported to result from each 2-cell stage blastomere dividing meridionally (Gardner, 2002) . In the third group of embryos, only two blastomeres lay alongside the second polar body. This least common arrangement of blastomeres appeared to be the outcome of both blastomeres dividing rather obliquely/equatorially and was observed in 8% (34/460) of embryos (Fig. 2C) .
We will adopt a modified form of the terminology used by Gardner (2002) to define these divisions and their products. We refer to M-divisions as ones that produce daughters distributed about a meridian and E-divisions that produce daughters distributed about a plane oblique to the meridian or rather more equatorial with respect to the polar body. We will refer to the blastomeres arising from the M-division as m1 and m2. The cell arising from the E-division that lies proximal to the polar body will be termed e1 and the distal one, e2.
Order of the second cleavage divisions and spatial arrangement of daughter cells
To determine whether, and if so how, the order and orientation of the blastomere divisions and so the resulting spatial arrangements of the 4-cell daughters would relate to the spatial patterning of the blastocyst, we applied dyes of different colours to sequentially label cells and follow the spatial distribution of their progeny. We first labelled one blastomere at the late 2-cell stage with a red dye as we described previously and from 819 labelled 2-cell stage embryos, we 'caught' 522 at the 3-cell stage. We observed that of these the unlabelled blastomere had divided first in 51% (268/522) and the labelled one first in 49% (254/522) of cases. Thus, the blastomere that was first (earlier) to divide to the 4-cell stage had an equal chance of being labelled or unlabelled. This indicates that our labelling method does not interfere with the order of blastomere division.
Knowledge of the order of blastomere division allowed us to sub-divide the most common group of embryos with the regular tetrahedral form into two groups. This depended on whether the first 2-cell blastomere to divide to the 4-cell stage appeared to have undergone an M-or E-type of division by the criterion of the spatial relationships of the daughter cells to the polar body (Fig. 3) . Below we will refer to the four possible groups of embryos as ME, EM, EE and MM embryos, reflecting the order of M-or E-second cleavage divisions.
We found that within the major group of embryos that will have a tetrahedral arrangement, there was an equal chance for the earlier dividing 2-cell blastomere to undertake an M-or E-division: 52% (194/374) were ME and 48% (180/374) were EM (Fig. 3A,B ). Thus we conclude that whether the orientation of the earlier of the second cleavages is meridional or not is random. Fig. 3 . Relative order of M-and E-second cleavage divisions and the spatial pattern of allocation of their progeny at the blastocyst stage. Four groups of embryos distinguished on the basis of the order and orientation of the second cleavage divisions in both blastomeres. ME-earlier M-division and later, E-division; EM-earlier E-division and later, M-division; MM-consecutive M-divisions; EE-consecutive E-divisions. One blastomere of the 2-cell embryo was marked at random with a red dye such that it could be either the earlier dividing blastomere (top row of each group) or the later dividing blastomere (bottom row of each group). At the 4-cell stage one, unlabelled, blastomere was labelled blue as indicated in the figure. The white arrows and dashed white circles show the location of the second polar body. Blastomeres arising from the M-division are marked as m and blastomeres arising from the E-division are marked e. Blastomere that lies proximal to the polar body is named e1 and the distal one, e2. The last column shows an individual confocal section from a Z-series. 
Blastocyst fate of individual 2-and 4-cell stage blastomeres
In order to assess the fate of the progeny of individual blastomeres arising from the above patterns of division we undertook further lineage marking. Thus, at the 4-cell stage, we marked one of the two unlabelled 1/4 blastomeres with blue dye (Fig. 3) . The progeny of the other 1/4, unlabelled, blastomere could also be identified at the blastocyst stage since these studies were performed on embryos from a transgenic line expressing GFP-tagged histone H2B; thus all nuclei in the embryo showed green fluorescence facilitating the counting of cells in the blastocyst. In both ME and EM embryos, we always aimed to apply blue label to the blastomere furthest away from the second polar body, the e2 blastomere, when possible (Fig. 3A ,B first row). If however the blastomere in this position was already labelled with red dye, we applied blue dye to one of the remaining unlabelled blastomeres (Fig. 3A ,B second row). In the other two groups in which both second cleavage divisions had similar orientation (EE or MM) we labelled one of the unlabelled blastomeres ( Fig. 3C,D) . We then cultured embryos to the early blastocyst stage in vitro and imaged optical sections by confocal microscopy to determine the precise distribution of progeny of labelled blastomeres with respect to the embryonic-abembryonic axis of the blastocyst (see examples in Fig. 4 ). Finally we disassociated each blastocyst into individual cells to count the precise number of labelled and unlabelled cells.
The choice of method for relating the embryonicabembryonic axis to the clonal distribution of progeny of 2-cell stage blastomeres depends on several considerations: (i) the biological effect being tested; (ii) the extent to which the measurements reflect this biological effect; (iii) the objectivity and practicality of making these measurements precisely. The biological question being tested in this study is whether the distribution of 2-and 4-cell blastomere clones with respect to the embryonic-abembryonic axis 3D ).
(the position of the cavity) differs between embryos resulting from different order and orientation of the second cleavage divisions. We considered how best to represent the spatial relationship between the clones. One way of doing this would be to define the centre of gravity of all cells in each clone and describe the relationship between these points. This might have some value both for non-coherent clones and for clones in which single cells interdigitate between clones but it does not give an assessment of the actual boundary between the clones. This method is therefore unsuited to address the question we examine in this study. Another approach is to define the clonal border as a plane and measure its angle with the morphological embryonic-abembryonic boundary. We have attempted to define a single plane that passes through the highly convoluted boundary on each of a series of confocal sections. However, this cannot be done precisely. There is, for example, a problem of assessing the interdigitation of cells at the boundary. We have observed cases where a single cell protruding from one clone towards the other can substantially change the assessment of the angular plane between clones in the dimension viewed by some 208. Not only are there difficulties in measuring this angle in a single dimension, but even could a plane be defined more rigorously it would be necessary to determine its relationship to the embryonic-abembryonic boundary in three dimensions. Thus, although we give values of the angle of the tilt of the clonal border to the embryonic-abembryonic boundary in the supplementary tables, this cannot be regarded more than semi-quantitative and therefore we restrict our analysis of these relationships to the more objective measure of cell numbers in specific blastocyst parts.
As the most precise and objective indication of the allocation of 2-cell stage blastomeres progeny to embryonic and abembryonic parts of the blastocyst, we have chosen to measure the number of cells from each clone crossing the embryonic-abembryonic boundary zone. This we define as a one cell deep layer of cells at the inner side of the blastocoel as we did previously Piotrowska and Zernicka-Goetz, 2002) . In our previous study we faced a difficulty of counting the actual numbers of cells as individual cells were difficult to recognise. Our use of the transgenic line of mice in which we can score all cells because of the green fluorescence of their nuclei overcomes this difficulty. Thus we can now count total numbers of cells within clones and those that cross this morphological boundary with precision.
We determined whether progeny of 1/2-and 1/4-labelled and 1/4-unlabelled blastomeres occupied one of three regions of the blastocyst: the embryonic region (including polar trophectoderm and deeper cells of the ICM), the abembryonic region (mural trophectoderm that overlays the blastocyst cavity) and the boundary zone (the more superficial cells of the ICM and their overlying trophectoderm) ( Fig. 4 ; Tables S1-S4), noting the extent to which clones spread beyond the boundary zone. To determine the relationship between the clonal border of the progeny of the 2-cell stage blastomeres and the future embryonic-abembryonic axis, we counted the number of cells derived from each of 2-or 4-cell blastomeres in these three blastocyst regions. This necessitated studying a series of 8-9 confocal sections for each blastocyst and also enabled our current data to be compared with the previous analyses Piotrowska and Zernicka-Goetz, 2002) . We scored that the earlier dividing blastomere showed a tendency to contribute to the embryonic part of the blastocyst when between 100 and 70% of the embryonic part was occupied by the progeny of this 2-cell blastomere. We referred to these blastocysts as Em-Ab (Table 1) . When between 0 and 30% of all cells in the embryonic part were progeny of the earlier dividing blastomere we scored these blastocysts as Ab-Em (or 'reversed'). In this group more than 70% of the embryonic part was therefore occupied by the later dividing 2-cell blastomere. Thus both of these groups would be scored as showing a tendency for the first Embryos are classified into three distinct groups: 'Em-Ab' where 70-100% of the progeny of the earlier dividing 2-cell blastomere contribute to the embryonic part; 'Em-Ab reversed' (Ab-Em) where the earlier dividing 2-cell blastomere contributes the majority of its progeny (70-100%) to the abembryonic part; and 'non-Em-Ab' in which there is no clear correlation with the embryonic-abembryonic axis and the progeny of the earlier dividing blastomere distribution between these two halves. Distribution of embryos following the different patterns of second cleavage divisions into these three groups is indicated. Thus, for example, the probability of the 2-cell stage embryo having a ME, EM, MM or EE sequence of divisions and also having the majority of the daughters of the first 2-cell blastomere to divide in the embryonic region is 32, 16, 4 and 3%, respectively. The probability of the 2-cell stage embryo having a ME, EM, MM and EE sequence of division and also having an Em-Ab axis corresponding to the clonal border between 2-cell blastomeres' progeny is 33, 31, 5 and 4%, respectively.
cleavage to generate cells that contribute either to embryonic or abembryonic parts of the blastocyst. However, only the first group of embryos would be scored as showing a tendency for the earlier dividing 2-cell blastomere to contribute to embryonic rather than abembryonic part. Those embryos in which between 30 and 70% of the embryonic part was occupied by the progeny of the earlier dividing blastomere, were scored as not showing any tendency for the 2-cell blastomere to follow such distinguishable fate. We also present the detailed analysis of each individual blastocyst from the group of 88 with the counts of cells in each of the three parts of the embryo in Tables S1-S4 . Our results are in agreement with previous reports demonstrating a bias for 2-cell stage blastomeres to allocate progeny to either the embryonic or abembryonic part of the blastocyst in the majority (73%, 64/88, Table 1 ), but not all embryos (Gardner, 2001; Fujimori et al., 2003) . However, our current study identifies important differences between the four different groups of embryos that correlate with the order of the second cleavage divisions and the spatial arrangement of the 4-cell stage daughters.
We first analysed the group of blastocysts that developed from ME embryos with regular tetrahedral form at the 4-cell stage. In this group, the spatial pattern of the blastocyst showed a relationship between the allocation of the progeny of 2-cell blastomeres and the boundary between the embryonic and abembryonic parts of the blastocyst (Table S1A and B, summarised in Table  1 ). In the great majority (85%, 29/34) of ME embryos, more than 70% of all cells occupying the embryonic part of the blastocyst were derived from one of the 2-cell stage blastomeres (Fig. 4A,B) . Moreover, in this group the 1/2 blastomere to divide earlier to the 4-cell stage had a very strong tendency (28 out of 29 cases) to contribute progeny to the embryonic part of the blastocyst, whereas its sister contributed progeny to the abembryonic part. Interestingly, we observed only one 'reversed' embryo in this group (Ab-Em, Table 1)-that is an embryo in which the earlier dividing 2-cell blastomere contributed to the abembryonic rather than embryonic part. In only 15% (5/34) of all ME embryos between 70 and 30% of the embryonic part was occupied by the progeny of one of 2-cell stage blastomeres (Table 1) . This tendency was similar when we consider composition of the abembryonic part of the blastocyst. In this case in 79% (27/34) of ME embryos, the abembryonic part was comprised predominantly (70-100%) of progeny descending from only one of the 2-cell stage blastomeres.
In those 85% of ME embryos in which the first cleavage produced daughters that would predictably give rise to the approximate future embryonic and abembryonic parts of the blastocyst, on average as many as 91-94% of all cells in the embryonic part were derived from the earlier dividing 2-cell blastomere (Tables S1A, B) . Accordingly, in the same group of embryos, on average as many as 86-93% of cells in the abembryonic part were progeny of the 2-cell blastomere that had divided later. Thus in this group of embryos the progeny of 1/4 blastomeres that were the products of E-divisions (e1 and e2 blastomeres) contributed mainly to extra-embryonic tissues. It appeared that these e1 and e2 4-cell stage blastomeres contributed equally often either to a clone of cells occupying the mural trophectoderm (12/26) or to a clone positioned in the boundary zone between the embryonic and abembryonic parts (11/26) (Tables 1A and  B) . Interestingly, we noted that when a 4-cell blastomere gave rise to the clone of cells occupying most of the mural trophectoderm it tended not to contribute cells to the ICM. Taken together, the analysis of blastocyst patterns derived from the ME group of embryos shows that in this group not only the orientation but also the polarity of the embryonicabembryonic axis correlates with the order of the second cleavage divisions and the resulting spatial arrangements of the 4-cell stage daughters.
In the EM group of embryos, there was also a tendency for the first cleavage to produce daughters that would give rise to either future embryonic or abembryonic parts of the blastocyst (Figs. 3 and 4C,D) . In 79% (27/34) of these embryos one 2-cell blastomere contributed most of its progeny to the embryonic part and the other to the abembryonic part of the blastocyst (Table 1, and Table  S2A and B). Interestingly in the EM group the order of the blastomere division from the 2-to the 4-cell stage did not relate to the polarity of the embryonic-abembryonic axis. Thus, an earlier dividing 2-cell blastomere had a similar probability of contributing to the embryonic (41%, 14/34) or abembryonic part (38%, 13/34) of the blastocyst. When we consider the distribution of differently labelled clones in the abembryonic part, the relationship was similar although less strong: in 68% (23/34) of all blastocyst examined the abembryonic part was comprised predominantly by the progeny of only one of the 2-cell stage blastomeres.
In contrast to the above two groups, in the less frequent groups of EE and MM embryos we have not observed any tendency for allocation of 2-or 4-cell stage blastomeres progeny to either the embryonic or to the abembryonic parts of the blastocyst (Table 1 and Fig. 3 ; Tables S3 and  S4 ). In the majority (69%: 9/13) of blastocysts derived from MM embryos (Fig. 4E) the progeny of the earlier dividing 1/2 blastomere did not show any specific distribution, but were distributed between the embryonic and abembryonic parts. In EE embryos, the relationship between the first cleavage and allocation of cells to the embryonic or abembryonic parts appeared similarly random (Table 1, Fig. 4F ).
We have noted that although the degree of tilt reflecting the angle between the clonal border, as we can best assign it to a single plane, and the boundary zone correlated with the numerical allocation of the 2-cell blastomeres' progeny between the embryonic or abembryonic parts in the majority of embryos, this was not always the case (Tables S1-S4 ). Thus some embryos that are classified as having the majority of their embryonic part comprised of the progeny of only one of 2-cell blastomeres might still show a significant tilt. There appear to be two major reasons for the discrepancy between the allocation of cells to specific blastocyst regions and the angle of the tilt. In some cases this is because of the difficulty in measuring the tilt, i.e. deciding where to define the clonal border. As indicated above it is enough for one or two cells to leave the body of the clone, to change the angle dramatically (Fig. S1) . In other cases a larger tilt in blastocysts where most of the embryonic part is derived from only one blastomere, indicates that the composition of the embryonic and abembryonic part of the blastocyst was not always reciprocal. Thus, it can happen that between 70 and 100% of the embryonic part can be built from the progeny of one blastomere, whereas the progeny of the sister blastomere can comprise less than 70% of the abembryonic part (Fig. S1 ). Nevertheless such blastocysts are exceptions to the general trend.
In conclusion, the tendency for 2-cell stage blastomeres to follow distinguishable fates: to contribute cells to either the embryonic or abembryonic part, appears to depend on the spatial arrangement of blastomeres after the second cleavage division and its relationship to the order of the division to the 4-cell stage. In the most common group of embryos which adopt tetrahedral form, the second cleavage divisions appear to be rather perpendicular or oblique than parallel to each other (81%; 374/460, ME and EM embryos), there is a tendency for the first cleavage to produce daughters that would give rise to either embryonic or abembryonic parts of the blastocyst. The polarity of this embryonic-abembryonic axis is predicted by the order of the blastomere division however only when the first of the second cleavage divisions is meridional. In the minority group of embryos in which both second cleavage divisions are either meriodinal or equatorial/oblique, there is no relationship between the allocation of the progeny of 2-cell blastomeres and the embryonic-abembryonic axis.
Developmental success of the 4-cell stage embryo types
We wished to know whether embryos with different arrangements of 4-cell stage blastomeres that reflected the different orientations of second cleavage divisions showed any differences in their ability to produce viable offspring. To address this we divided 4-cell stage embryos into three morphological groups: regular tetrahedral forms (combined ME and EM embryos), MM and EE embryos (Fig. 2) , allowed these to develop to the advanced morula or blastocyst stages in vitro and then transferred them to foster mothers. Blastocysts that developed from all these three groups were morphologically normal; their total cell number was similar (Tables S1-S4 ) and we could not notice any significant differences in the size of their ICM. In multiple transfer experiments we found that most (91%, 31/34) of the regular tetrahedral form group of embryos (ME and EM embryos) developed to term.
2 Similarly high proportion of MM embryos (84%, 32/38) gave rise to viable offspring (Table 2) . Embryos in which both of the second cleavage divisions had occurred equatorially/obliquely also developed to term, but at significantly reduced frequency (35%, 13/37), (P! 0.05, c 2 test 1 d.f. in comparison to two other groups of embryos).
Discussion
Our study demonstrates that the previously observed bias for 2-cell blastomeres of the mouse embryo to contribute predominantly either to embryonic or to abembryonic part of the blastocyst Gardner, 2001; Fujimori et al., 2003) , depends on the spatial arrangements of 4-cell blastomeres and the order by which they are generated. In the majority of embryos (81%, NZ460), where the positions of blastomeres indicate that one 2-cell blastomere had divided approximately meridionally and the other approximately equatorially or obliquely (M-and E-divisions, see Section 2 for definitions), there is a strong tendency for one 2-cell blastomere to give rise predominantly to the embryonic and the other to the abembryonic part of the blastocyst. Viewed from another perspective, of those blastocysts in which the embryonic-abembryonic separation relates to the result of the first cleavage, 87% (56/65) come from regular tetrahedral forms (ME and EM groups). It now appears that the polarity of the embryonicabembryonic axis can be predicted only in those embryos in which the first blastomere to divide to the 4-cell stage undertakes an M-rather than an E-division. When the earlier cleavage is an E-division, there appears to be an equal probability for its progeny to contribute to embryonic or abembryonic parts. In our previous work ) we referred to embryos in which the earlier dividing 2-cell blastomere contributed to the abembryonic rather than embryonic part as 'reversed blastocysts' as they provided the less common group. Similarly in the present study such embryos are less common (16 out of 88 of all embryos studies, 'Ab-Em', Table 1 ). Interestingly, the great majority (81%, 13 out of 16, Table 1 ) of 'reversed blastocysts' is derived from EM embryos as the earlier dividing blastomere in this group could equally often contribute to the embryonic as the abembryonic part.
Finally, the present study shows that in the two less common groups of embryos where both second cleavage divisions are either M-or E-type, the 2-cell stage blastomeres do not appear to show any bias to contribute cells to specific blastocyst parts.
In agreement with previous studies (Gardner, 2001; Fujimori et al., 2003) , we find that in the majority of all embryos studied here (73%, 64/88) the first cleavage separates the zygote into blastomeres which descendants contribute predominantly to either the embryonic or the abembryonic part of the blastocyst. Our observations shed some light on why the order of the blastomere division to the 4-cell stage alone is not always predictive of the polarity of the embryonic-abembryonic axis Piotrowska and ZernickaGoetz, 2002; Fujimori et al., 2003) . It appears that the earlier 2-cell blastomere to divide shows a strong tendency to contribute to the embryonic part of the blastocyst only if it undertakes a M-division while the remaining groups of embryos do not show this correlation (Fig. 5) . This is also in agreement with experiments on parthenogentically activated eggs where the earlier division of one 2-cell blastomere was not sufficient to predict the contribution of its progeny to the embryonic part of the blastocyst (Piotrowska and Zernicka-Goetz, 2002) . However, these and previous findings reporting a tendency for a relationship between the first cleavage and the embryonic-abembryonic axis differ from those of Alarcon and Marikawa (2003) who reported observing such a relationship in only a quarter of embryos studied. These authors suggested that differences in strains might account for these discrepancies. With the knowledge that the relative orientation and order of the second cleavage divisions directly relates to blastocyst patterning it would be interesting to examine the orientation and order of these divisions in the strain that Alarcon and Marikawa used in their work. However, it is also possible that the reason behind the different results may lie in the criteria used by this group to score the allocation of progeny derived from each 2-cell blastomere in different blastocyst regions. Chroscicka and colleagues (2004) have recently described yet a different outcome. They report that progeny derived from the 2-cell blastomeres do not tend to form coherent clones but rather intermingle and do not occupy specific regions of the blastocyst. Their results are in marked disagreement with studies from several other groups that have shown that the progeny of the early cleavage divisions do not intermingle but remain coherent (Garner and McLaren, 1974; Kelly, 1979) . In previous lineage tracing experiments intermingling only becomes evident at the later blastocyst stage when cells begin to change their positions (Dyce et al., 1987; Gardner, 2000) . In our experience ) more invasive methods 
A number of transfer experiments were carried out for each of three morphological groups of embryos, combined ME and EM, MM and EE embryos (see text). Each row of the table represents experimental and carrier-MF1 (italics) embryos carried by a single foster mother. Staging of the embryos at transfer to the uterus is indicated. Bl, blastocyst; M, morula; Bl/M, intermediate stages.
of cell labelling can lead to different outcomes but the consequences of this may not be immediately obvious as mouse embryo development is regulative and able to adjust to perturbation. Thus to follow normal development, particularly in regulative systems, it is critical to use noninvasive techniques Gardner, 2001) . Our results raise the question of why the meridionally dividing 2-cell blastomere has such a strong tendency to contribute to the embryonic part of the blastocyst only when it undertakes second cleavage division earlier than its sister. At present, although one can imagine a number of models, it is impossible to be sure of the underlying molecular mechanism.
The results presented here indicate the patterning of the blastocyst correlates with spatial arrangements of 4-cell blastomeres and the order by which they are generated in relation to the position of the second polar body. These spatial arrangements appear to result from the orientation of the first two cleavage divisions. How might their orientation be established? Our results suggest that neither the orientation nor the order of the second cleavage divisions is pre-determined. The only tendency we observe is that the division of the 2-cell blastomere that 'inherits' the second polar body tends to occur in close vicinity to it. Is the polar body region simply a marker for the orientation of divisions of the zygote or the 2-cell blastomere carrying it or does it have some causal influence? The second polar body is formed during the previous meiotic division and unknown components in its vicinity have been suggested to influence the orientation of the first cleavage. Not only was the second polar body shown to mark the first cleavage and then the embryonic-abembryonic axis of the blastocyst (Gardner, 1997) , but when the animal pole was transplanted to an ectopic site, the position of cleavage correlated with the new position of the polar body (Plusa et al., 2002a) . Time-lapse studies of the first cleavage in both normal zygotes and in those with transplanted animal poles have confirmed these findings (Gray et al., 2004; Plusa et al., submitted) . However, Hiiragi and Solter (2004) recently questioned the correlation between the polar body position and the orientation of the first cleavage. How might one account for this apparent discrepancy? In their experiments to monitor the location of the polar body in respect to first cleavage, Hiiragi and Solter (2004) excluded over 50% of zygotes from their analysis because they were not positioned in such a way that the first cleavage could be observed. As it has been shown that the shape of the zygote influences the first cleavage orientation (Gardner and Davies, 2003; Gray et al., 2004) and affects how embryos sit on the dish, it is possible that Hiiragi and Solter (2004) discarded a critical group of embryos. Similarly in selecting embryos for imaging in which both pronuclei were on the same focal plane, they may have introduced a bias into their sample. To avoid any pre-selection we have observed randomly oriented eggs not on one, but on multiple focal planes at each time point. We believe this is critical for a precise analysis of the three dimensional events of cleavage in eggs. Under these conditions we observe a tendency for the second polar body to associate with the site of cleavage. In our experimental material in the first two cleavages the second polar body associates with the furrow as it forms in approximately 75% of cases, but it has made this association before the end of cytokinesis in over 90% of zygotes. However, whether and if so how components in the vicinity of the polar body might influence this cleavage remains unknown. Our present study indicates that whatever the nature of this influence, it might persist to the second cleavage as the 2-cell blastomere attached to the polar body more often undertakes meridional rather than equatorial division.
Importantly the time at which the second polar body becomes associated with the site of the first cleavage does not influence the conclusions that can be drawn from this study. This series of lineage tracing experiments demonstrates that there is a correlation between blastocyst patterning and the spatial arrangements of 4-cell stage blastomeres that are defined by the final positioning of cells with respect to the polar body at the 2-or 4-cell stages. It is not possible to say whether this correlation relates to a component of the putative 'animal' or 'vegetal' halves of the egg, i.e. those parts proximal or distal to the polar body respectively. Indeed such putative spatial relationships of Fig. 5 . Schematic representation of different developmental outcomes depending whether the earlier second cleavage was M-type or E-type. In the great majority of embryos the spatial arrangement of 4-cell blastomeres is consistent with one of the second cleavages occurring meridionally and the other equatorially or more obliquely with respect to the polar body. When the earlier of the second cleavage divisions is meridional and the later equatorial or oblique, both the orientation and polarity of the embryonicabembryonic axis tends to respect the boundary generated by the first cleavage division. In these embryos the earlier dividing 2-cell blastomere (blue cell) tends to contribute to the embryonic (blue) and the later, to the abembryonic part of the blastocyst (red). When the earlier of the second cleavages is equatorial or oblique and the later meridional, the orientation of the embryonic-abembryonic axis also correlates with the boundary generated by the first cleavage but it is not possible to predict its polarity. Thus, the earlier dividing 2-cell blastomere (red cell) contributes either to embryonic (blue) or to abembryonic (red) part of the blastocyst. egg components may be disturbed during the very process of cleavage as indicated by previous studies of Graham and Deussen (1978) .
If there are some patterning components in the egg that are distributed in relation to the animal-vegetal axis, and if some aspects of this could be preserved through cleavage, then the most frequent cleavage pattern we observe could result in the generation of different blastomeres at the 4-cell stage. An E-division could generate blastomeres that differ with respect to such hypothetical components. Interestingly, fewer embryos that develop from the less common topology indicative of two consecutive E-divisions (EE embryos), reach term. This suggests that some orientations of the early cleavages might have relevance to the developmental success of mouse embryos. Could it be that some EE embryos do not develop well because two of their 4-cell blastomeres lack factors derived from particular parts of the egg? The answer to this question will require further study to assess the developmental properties of individual types of blastomeres at the 4-cell stage. This has not been previously possible, but our lineage tracing study have identified a particular common group of 4-cell embryos in which one can have complementary knowledge of both the spatial origins of specific blastomeres and the fate of progeny of these cells at the blastocyst stage. It will thus be now possible to combine similar blastomeres together to generate chimaeras of a 'single' cell type and attempt to determine for the first time whether such cells differ from each other (Piotrowska-Nitsche et al., submitted) .
Experimental procedures

Embryo collection
Eggs and embryos were collected from F1 (C57BL/6xCBA) females induced to superovulate by intraperitoneal injection of 7.5 IU of pregnant mares serum gondotrophin (PMSG, Intervet) followed 48 h later by 7.5 IU of human chorionic gonadotrophin (hCG, Intervet) and then mated with transgenic males which express GFP tagged to histone H2B (Hadjantonakis et al., 2003; Hadjantonakis and Papaioannou, submitted) or with F1 males. Zygotes and 2-cell embryos were collected, respectively, 23 or 45 h after hCG injection into M2 medium supplemented with 4 mg/ml BSA as previously described ).
Embryo labelling and culture
All embryos were observed under an inverted (Leica) microscope using DIC optics and micromanipulated with Leica micromanipulators using a De Fonbrune suctionforce pump. To mark blastomeres DiD or DiI (Molecular Probes) was dissolved in virgin olive oil at 60 8C, and then was applied through the zona pellucida as described previously . One blastomere at the 2-cell stage was labelled between 45.5 and 47 h after HCG. Ten 2-cell stage embryos were placed in the manipulation chamber at the same time and approximately 50 2-cell stage embryos having a visible second polar body between the blastomeres were labelled in each experiment. Approximately 95% of embryos survived the labelling procedure. After labelling embryos were cultured in the 5% CO 2 incubator at 37 8C and after 1 h of uninterrupted culture they were checked by fluorescent microscopy at intervals of 20-40 min over a period of 5 h. If within this time both blastomeres had divided to the 4-cell stage, the embryos were discarded. Those embryos in which the red labelled blastomere had divided first were collected into one drop of medium and those in which the unlabelled 2-cell blastomere was first to divide into another. All embryos gathered by this time were subsequently cultured for an additional 4 h until all of them had divided to the 4-cell stage. Embryos were picked up by the holding pipette, rotated and examined and then group accordingly to the position of all 4-cell stage blastomeres with respect to the second polar body and relative position of labelled and unlabelled sister 4-cell blastomeres judged after short exposure to the fluorescent light. In this way they were classified into eight specific groups (ME, EM, MM, EE) depending upon whether the labelled or unlabelled blastomere had divided first. The whole process took about 1 h. Individual 4-cell stage blastomeres were then labelled as mentioned above. One 4-cell stage blastomere was labelled with blue dye in the position furthest away from the polar body. If the blastomere in this position was already labelled with red dye, than a random blastomere was labelled. For the case of MM and EE embryos a random 4-cell stage blastomere was also labelled. After labelling, a specific groups of embryos (over a period of 1-1.5 h), they were returned to culture at 37 8C in 5% CO 2 incubator. All observations and labelling were carried out in M2 medium at room temperature. Labelled embryos were cultured in vitro in drops of KSOM supplemented with amino acids (Speciality Media, Inc., Lavallette, NJ) and 4 mg/ml BSA, under paraffin oil in an atmosphere of 5% CO 2 in air at 37.5 8C. Labelled embryos were cultured to the blastocyst stage and analysed when the ratio of the ICM to cavity was approximately 1:2.
Live blastocysts were observed by confocal microscopy taking optical sections every 7 mm. By examining all sections in each series, it was possible to determine the distribution of cells labelled by specific dyes in the embryonic (polar trophectoderm and deeper ICM cells), abembryonic (mural trophectoderm) parts of the blastocyst and the boundary zone. The boundary zone between these two parts was defined as a cell layer, approximately one cell deep and parallel to the roof of the blastocoel cavity as previously described . After confocal sectioning we removed zones from blastocysts by short exposure to Acid Tyrode and next dissociated each of the embryos by treatment with 1% trypsin for 5 min at 37 8C dispersing them by thorough pipetting. This enabled us to count the total number of cells of each colour in each embryo.
Time-lapse video microscopy
Time-lapse video microscopy and imaging were performed and analysed on either a Nikon inverted microscope with a Princeton Instruments camera using IP Lab software or a Zeiss inverted microscope with a Hamamatsu camera using Kinetics Imaging software. Zygotes were placed in 30 ml of M2 under paraffin oil in a glass-bottomed dish on a heating stage at 37 8C. Two-cell stage embryos were cultured in 30 ml of KSOM medium under paraffin oil in a glass-bottomed dish on a heating stage at 37 8C and in a 5% CO 2 -containing chamber for time-lapse recording. Embryos were allowed to adopt their natural positions and were imaged on several focal planes at a given time point. Images were recorded at 5-or 10-min intervals over 12 h. For time-lapse observations of the division of individual 2-cell stage blastomeres attached to the second polar body, the other 2-cell blastomere was previously removed by biopsy.
Developmental potential of embryos undergoing different cleavage patterns
Blastocyst that developed in vitro from three morphologically distinct forms of 4-cell stage embryos (combined ME and EM embryos, MM and EE embryos-see Section 2) were transferred to the uteri of foster mother as previously described (Hogan et al., 1994; Zernicka-Goetz, 1998) . For each group of embryos between 3 and 6 independent transfer experiments were carried out (Table 2 ). In each experiment carrier embryos of a different strain (MF1) were co-transferred after mixing embryos in the same pipette. This enabled us to control for the success of the transfer. Only when the carrier MF1 embryos were born, were the results of the transfer taken into account.
